
����������
�������

Citation: Espinazo, A.; Lombraña,

J.I.; Asua, E.; Pereda-Ayo, B.; Alonso,

M.L.; Alonso, R.M.; Cayero, L.; Izcara,

J.; Izagirre, J. Diffusional Behavior of

New Insulating Gas Mixtures as

Alternatives to the SF6-Use in

Medium Voltage Switchgear. Appl.

Sci. 2022, 12, 1436. https://doi.org/

10.3390/app12031436

Academic Editor: Andreas Fischer

Received: 27 December 2021

Accepted: 27 January 2022

Published: 28 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Diffusional Behavior of New Insulating Gas Mixtures as
Alternatives to the SF6-Use in Medium Voltage Switchgear
Ane Espinazo 1,* , José Ignacio Lombraña 1 , Estibaliz Asua 2, Beñat Pereda-Ayo 1, María Luz Alonso 3 ,
Rosa María Alonso 3 , Leire Cayero 1 , Jesús Izcara 4 and Josu Izagirre 4

1 Chemical Engineering Department, Faculty of Science and Technology, University of the Basque
Country (UPV/EHU), Barrio Sarriena s/n, 48940 Leioa, Spain; ji.lombrana@ehu.eus (J.I.L.);
benat.pereda@ehu.eus (B.P.-A.); leirecayerogaray@gmail.com (L.C.)

2 Electricity and Electronics Department, Faculty of Science and Technology, University of the Basque
Country (UPV/EHU), Barrio Sarriena s/n, 48940 Leioa, Spain; estibaliz.asua@ehu.eus

3 Analytical Chemistry Department, Faculty of Science and Technology, University of the Basque
Country (UPV/EHU), Barrio Sarriena s/n, 48940 Leioa, Spain; marialuz.alonso@ehu.eus (M.L.A.);
rosamaria.alonso@ehu.eus (R.M.A.)

4 Ormazabal Corporate Technology, Parque Empresarial Boroa, Parcela 24, 48340 Amorebieta-Etxano, Spain;
jih@ormazabal.com (J.I.); josu.izagirre@ormazabal.com (J.I.)

* Correspondence: ane.espinazo@ehu.eus

Abstract: Regarding the use of SF6 in medium voltage switchgear (MVS), a review of alternatives
was encouraged by the European Parliament in Regulation No 517/2014. This is aimed at a new
regulatory change, that is expected soon, which will include its prohibition, similar to what has
happened with other fluorinated greenhouse gases in other fields, like refrigeration. Therefore,
there is an urgent need to study the physical and chemical properties of alternative gas mixtures
to determine if they are suitable to replace SF6. In this context, this work addresses the difusional
analysis of new gases. Binary and ternary mixtures made of 1,3,3,3-tetrafluoropropene (C3F4H2) and
heptafluoroisopropyl trifluoromethyl ketone (C5F10O), using dry air as a carrier gas, were studied.
The mixtures were analyzed using original equipment, composed of UV-Vis spectroscopy technology
in a sealed gas chamber, which is similar to MVS. Consequently, an experimental equipment that
monitors the concentration of a gas mixture online and a model that predicts the mixing process were
designed and tested. The concentration profiles were obtained concerning both the time and position
in the gas chamber, and the diffusional and convectional parameters were numerically calculated
and optimized in an algorithm created in Scilab.

Keywords: medium voltage switchgear; SF6 alternatives; UV-Vis spectroscopy; gas mixing modeling;
multicomponent diffusion analysis

1. Introduction

Sulfur hexafluoride, SF6, is the most widely applied gas in the electric market for
insulation and electric arc quenching due to its high stability, high dielectric strength, and
non-toxicity [1]. It is commonly used in gas-insulated switchgear (GIS), gas-insulated
transformers (GIT), gas-insulated lines (GIL), and gas-insulated circuit breakers (GICB) [2].
However, it is also considered a very strong greenhouse gas, with a global warming
potential (GWP) of about 23,500 on a 100-year horizon, making SF6 the compound with the
highest value according to the Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC) [3]. In 1997, in the Kyoto Protocol [4], the reduction of
greenhouse gas emissions was established, which included SF6, so alternative gases for
applications that use SF6 have been investigated ever since. Although the equipment in
which sulfur hexafluoride is used is sealed, leaks between the sealing surfaces, permeation
of the gas through the thermoplastic materials, or accidents can happen [5], resulting in gas
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emissions. SF6 and other common fluorinated greenhouse gases, their lifetime (LT) in the
atmosphere, GWP values, and applications are shown in Table 1.

Table 1. The lifetime (LT) in the atmosphere, global warming potential values in a 100-year horizon
(GWP100), and applications of SF6 and other fluorinated greenhouse gases.

Component LT (yr) * GWP100 * Application

Sulfur hexafluoride
SF6

3200 23,500 Electrical insulation, polycrystalline silicone layer etching,
blanketing gas for aluminum or magnesium [1]

Nitrogen trifluoride
NF3

500 16,100 Microelectronic equipment cleaning, etching in
microelectronics, liquid crystal displays, photovoltaic cells [6]

Difluoromethane
CH2F2

5.2 677 Refrigeration [7]

Perfluoromethane
CF4

50,000 6630
Semiconductor manufacturing, microelectronic equipment
cleaning, etching in microelectronics, chemical vapor
decomposition [8]

1,1,1,2-tetrafluoroethane
CF3CHF2

28.2 3170 Refrigeration, propellant applications, vapor-phase solvent,
electronic degreasing [9]

Perfluoroethane
C2F6

10,000 11,100
Semiconductor manufacturing, microelectronic equipment
cleaning, etching in microelectronics, chemical vapor
decomposition [8]

1,1,1,3,3-pentafluoropropane
CF3CH2CHF2

7.7 858 Chemical blowing agent, refrigerant [10]

Perfluoropropane
C3F8

2600 8900
Refrigeration, semiconductor manufacturing, microelectronic
equipment cleaning, etching in microelectronics, chemical
vapor decomposition [8]

* Data retrieved from the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change
(IPCC) [3].

In 2014, the European Parliament developed Regulation (EU) No 517/2014 [11], on flu-
orinated greenhouse gases, where rules for the use, containment, recovery, and destruction
of some fluorinated greenhouse gases are collected. These fluorinated gases include not
only SF6, but also hydrofluorocarbons (HFC) and perfluorocarbons (PFC). The European
Commission is currently reviewing the impact that the actual regulation has had, and is
expected to propose a new regulation soon [12]. For that reason, it is urgent to find an
alternative that replaces SF6 in medium voltage switchgear (MVS) before a possible ban on
its use comes into force.

Initially, SF6 alternatives were focused on the use of existing technologies such as
air-insulated switchgear (AIS) [13] or solid-insulated switchgear (SIS) [14]. Even though
both have been commonly used in low-voltage equipment, their use in higher voltage
systems would require higher dimensions and, therefore, higher costs.

The mixture between SF6 with a carrier gas, like air, N2, or CO2, was then considered
for insulation [15]. Although the use of SF6 is reduced, the environmental impact of the mix-
ture, even with low SF6 concentrations, is still significantly high. Consequently, researchers
are more focused on finding other gas or gas mixtures that replace SF6 completely.

There are some important requirements that this gas or gas mixture must meet, accord-
ing to Kieffel et al. [16], to be considered a suitable option: high dielectric strength, good
arc quenching capability, low boiling point, high vapor pressure at low temperature, high
heat dissipation, and compatibility with the materials used in electrical switchgear, among
others. Moreover, the gases must have low toxicity, no flammability, no ozone depletion
potential (ODP), minimal environmental impact, and low GWP, to meet the environmental,
health, and safety requirements.

The most important of these characteristics is the dielectric strength, or electric field
strength (Ecr), which is defined as the maximum voltage that an insulating component can
withstand before suffering electrical breakdown [17]. Currently, the different gases that are
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being researched are hydrofluorocarbons (HFC), perfluorocarbons (PFC), fluoroketones
(FK), fluoronitriles (FN), and hydrofluoroolefins (HFO) [15,16]. HFCs and PFCs have
excellent dielectric properties [2], but their GWP is high, between 5000 and 12,000 in a
100-year horizon [16], making them not suitable environmentally. FKs and FNs have better
dielectric properties than SF6 [15]. One of the most researched FK, C5F10O, has almost the
same GWP as CO2, but its boiling point reaches 300 K. Although FNs have higher GWP,
they present a lower boiling point, high stability, and material compatibility [18]. Finally,
a certain researched HFO, C3F4H2, has slightly lower dielectric strength than SF6, a low
boiling point, and low GWP [16].

Table 2 presents some of the gases and gas mixtures that have been researched for the
replacement of SF6 in medium and high voltage electrical switchgear, and their relative
breakdown strength (Erel), GWP, boiling temperature (TB), lifetime (LT) in the atmosphere,
toxicity threshold limit value–time weighted average (TLV-TWA), and decomposition
products. The boiling temperature of all these gases is higher than the minimum operating
temperature of outdoor medium voltage switchgear of 248 K, according to IEC 62271-200,
except C3F8, so the gases must be diluted with a carrier gas to ensure that they do not
liquefy in any circumstance. The most common carrier gases are the natural gases, CO2,
N2, and dry air. The dielectric strength of the components is similar to that of SF6, even
after mixing them with the carrier gas, and the highest GWP is 70% lower. Besides, the
lifetime in the atmosphere is lower than 20 days for the components CF3I, C3F4H2, C5F10O,
and C6F12O. Furthermore, the TLV-TWA values of all the gas mixtures are lower than the
one of SF6; however, as they need to be mixed with a carrier gas, the toxicity decreases.

The key to identifying what could be a suitable alternative is to find a component with
low GWP that preserves a high dielectric strength when it is diluted with a vector gas to
reduce the boiling temperature. Various researchers have already presented patents for
some of these gas mixtures for their use in medium and high voltage switchgear [19–22].

Table 2. Relative breakdown strength (Erel), global warming potential values in a 100-year horizon
(GWP100), boiling point (TB), toxicity threshold limit values–time weighted average (TLV-TWA), and
decomposition products of the main researched alternative gas or gas mixtures to replace SF6 in
medium and high voltage switchgear.

Component Mixture Erel GWP100
TB
(K)

LT
(yr)

TLV-TWA
(ppmv) Decomposition Products Ref.

Sulfur hexafluoride (SF6) Pure 1 23,500 209 3200 1000 COF2, F2, HF, H2S, NF3, F2O, SO2,
S2F10, SF4, SO2F2

[1,23,24]

Trifluoroiodomethane (CF3I) Pure 1.2 <5 251 0.005 150 CF4, C2F6, C2F4, C3F8, C3F6, C4F8,
C2F5I, C3F7I, C2F6O3, C3F7IO [2,25–27]30% CF3I/CO2 0.8

Trifluoromethanesulphonyl
fluoride (CF3SO2F)

Pure 1.4
3678 251 40 *

No products after alternating
current (AC) voltage breakdown [28–30]50%

CF3SO2F/N2
1

Octafluoropropane (C3F8) Pure 0.9 7000 236 2600 [31–33]20% C3F8/N2 0.6

Heptafluorobutyronitrile
(C4F7N)

Pure 2

2100 268 47 65

CF4, C2F6, C3F6, C3F8, C2F4,
F3CC≡CCF3, CF3CF=CFCF3,

(CF3)3CF, CF3CN, C2F5CN, CNCN,
HF, HCN, CO, CF3CN, C2F6

[34–37]5% C4F7N/N2 0.9
20%

C4F7N/CO2
1

1,3,3,3-Tetrafluoropropene
(C3F4H2) Pure 0.8 6 254 0.05 1000

CF3CCH, CF3CCF, C2H2, C2HF,
CF4, HF, CF3H, C2F6, C2F4, C2HF5,

CF3HCF3H, C3F8

[23,38–40]

Heptafluoroisopropyl
trifluoromethyl ketone

(C5F10O)

Pure 2
<1 300 0.04 225 CF4, C2F6, C3F8, C3F6, C4F10,

CF2O [15,41–44]5%
C5F10O/Air 0.6

Perfluoro-2-methyl-3-
pentanone
(C6F12O)

Pure 2.7 <1 322 0.02 150 [15,41,45]

* Safety data sheet for CF3SO2F states that the component is fatal if swallowed, inhaled, or in contact with skin.



Appl. Sci. 2022, 12, 1436 4 of 20

Binary and ternary mixtures made with the hydrofluoroolefin C3F4H2, also known
as HFO-1234ze(E), and the perfluoroketone C5F10O, have been studied. They will be
referred to as HFO3E and PFK5, respectively, and their molecular structures are shown in
Figure 1. These gases have been selected by Ormazabal Corporate Technology. Due to their
boiling point being higher than that of SF6, as shown in Table 2, dry air has been used as a
carrier gas. Because of that, the dielectric strength of the gas mixture is also reduced, so a
balance must be found between getting the boiling point low enough, while maintaining
the dielectric properties. The boiling point of PFK5 is higher than the one of HFO3E, which
means that it should be more diluted. Moreover, this favors the fact that HFO3E has lower
dielectric strength.
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Figure 1. Molecular structures of (a) C5F10O (PFK5) and (b) C3F4H2 (HFO3E).

The understanding of the mixing process of these new gas mixtures is critical to define
the physical and chemical properties that affect the electrical insulation and arc quenching
properties. Therefore, the goal of this paper is the study of the diffusional behavior of the
binary and ternary mixtures made with PFK5, HFO3E, and dry air, as possible alternatives
for SF6 for medium voltage switchgear, to anticipate the oncoming change of regulations.
A chamber has been designed and built to study the diffusion of these binary and ternary
mixtures, using UV-Vis spectroscopy to measure the concentration in the chamber during
the mixing process. This technique was already used by some authors to measure these
kinds of gases [46,47].

A diffusion process model is proposed to describe the mixture process; the model is
fitted to the experimental concentration values in an algorithm developed in Scilab, which
numerically calculates the diffusion parameters of the mixtures.

In this work, a novel experimental equipment capable of measuring and collecting
the online concentration of a gas mixture has been designed and tested with fluorinated
gas mixtures, candidates to replace SF6 in medium voltage switchgear. Although this
study has been focused on the analysis of a specific case of new fluorinated gas mixtures,
this non-destructive technology would be of great interest for any application in which
it is necessary to determine the physicochemical properties of a gas mixture through its
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composition. Some examples include the design of gas mixtures that require specific
characteristics, the monitoring of reactive mixtures, or the online malfunction detection
and maintenance without the need to take samples that could compromise the integrity of
the gas mixtures.

Moreover, a mathematical model that simulates the diffusion process of a component
in a binary or ternary gas mixture has been proposed and implemented. The mixing process
of the new insulating gas mixtures and the time it takes for them to reach stability have
been determined.

This article intends to lay the groundwork for future experiments to study the effect
of different perturbations, such as temperature, humidity, and concentration changes,
among others, during the filling, mixing, and post-mixing process of the new insulating
gas mixtures.

2. Materials and Methods
2.1. Experimental Equipment

The gas diffusion was determined using an experimental system that was specifically
designed for this project to contain the gas mixtures and measure their concentration
over time, using UV-Vis spectroscopy technology. The experimental equipment is shown
in Figure 2.
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Figure 2. (a) Gas chamber and (b) scheme of the experimental equipment used for the gas diffusion
study and its components. T (Top), MT (Medium Top), MB (Medium Bottom), and B (Bottom)
correspond to the different heights of the measurement lines.

The designed system consisted of a 60 L tank, a DH-2000-S-DUV-TTL light source
(Ocean Insight, Orlando, FL, USA), a Maya2000Pro spectrophotometer (Ocean Insight),
a pressure indicator (WIKA, Klingenberg, Bayern, Deutschland), and a feeding system
composed of polytetrafluoroethylene (PTFE) tubes to introduce the gas mixtures in the
tank. The tank had similar dimensions to an actual medium voltage switchgear, but was
slightly narrower, 0.8 × 0.5 × 0.15 m, which favors vertical gas diffusion.

The light source emits a continuous UV-Vis spectrum, between 190–750 nm, which is
split into the four fibers that end in four lenses that are located at four different heights of the
tank, as the interest is focused on the diffusion that happens vertically. The measurement
lines are located at 0.13, 0.35, 0.57, and 0.78 m; for simplicity reasons, the lines are referred
to as Bottom (B), Medium Bottom (MB), Medium Top (MT), and Top (T), respectively.

The emitted light passes through the tank and is collected in four other lenses and fibers
that merge and terminate in the spectrophotometer, which provides the corresponding
ultraviolet absorbance spectra. A shutter is installed in each line, so the signal of each line
is measured individually.
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2.2. Mixing Process Tracking

The concentration (C) of the components in the gas mixtures that were studied are
shown in Table 3. Each gas mixture was replicated three times. The components of the
mixture were introduced in the tank one at a time through the feeding system, according to
their molecular weight. An initial state of stratification by density was created by inserting
the gases from heaviest to lightest, favoring the monitoring of the mixing process.

Table 3. Nomenclature and concentration (C) of the components of the studied gas mixtures.

Name CPFK5 (%) CHFO3E (%) CDRY AIR (%)

B-10P 10 0 90
B-20P 20 0 80
B-40H 0 40 60

T-10P/40H 10 40 50

The dielectric strength, or critical field strength (Ecr), of the gas mixtures mentioned
above can be estimated by a linear scaling according to Saxegaard et al. [48]:

Ecr =
n

∑
i

xiEcr,i

[
V m−1 Pa−1

]
(1)

where xi and Ecr,i are the molar fraction and the electrical field strength of each component
of the mixture, taking into consideration the dielectric strength of SF6 and dry air (89 and
27 V m−1 Pa−1) [49], and the Erel values of PFK5 and HFO3E that are shown on Table 2.
The Ecr of components PFK5 and HFO3E are 178 and 71 V m−1 Pa−1, and the estimated
values are 42, 57, 37, and 53 V m−1 Pa−1 for the gas mixtures B-10P, B-20P, B-40H, and
T-10P/40H, respectively.

The measurement process of absorbance was automatized using LabVIEW, identifying
the values of the absorbance for the 196 and 300 nm wavelengths, which correspond to the
maximum absorption of HFO3E and PFK5, respectively. The system was programmed to
open and close the shutters of the light source and the fibers, and to control the spectropho-
tometer to measure the reference intensities and calculate the absorbance of the four lines
sequentially. The absorbance was calculated every 15 min for the first hour, every 20 min
for the second hour, and every 30 min until the end of the experiment, which ends after
20 h.

Absorbance (A) was calculated by the Beer–Lambert Law [50]:

A = log
(

I0 − D0

I − D0

)
= εM C l[AU] (2)

where I0 is the reference intensity, I is the intensity that is read after the absorption, and
D0 is the dark intensity, the one that the spectrophotometer reads when no light is emitted.
A can also be expressed by the molar absorptivity (εM, m3 mol−1 m−1) multiplied by the
molar concentration of the species (C) and the path length (l).

The mean value of the absorbance that is obtained in the three replicas of each experi-
ment was the one used for the numerical calculation of the diffusion parameters.

2.2.1. Determination of the Concentration

The concentration was obtained through a calibration that relates it with the ab-
sorbance of each component. Four gas mixtures of known concentration were prepared for
each component: 5%, 10%, 15% and 20% mixtures for PFK5, and 10%, 20%, 30% and 40%
for HFO3E.

Each mixture was introduced in the gas chamber and the absorbance was monitored
until the mixing process was completed, which means when all measurement lines dis-
played a similar value. The absorbance value that was obtained is the one related to the
specific concentration that was introduced.
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The A-C data were plotted and adjusted to linear regression to calculate the equations
of the calibration curves. These equations allowed the calculation of the concentration of
the components from the measurements of absorbance.

2.2.2. Diffusional Model

Two effects needed to be studied to determine the variation of concentration over
time: (a) molecular diffusion, the transfer of individual molecules due to a concentration,
pressure, or temperature gradient, among others; and (b) convection transport, caused by
the overall movement of the fluid [51]. As the gases used in these experiments have high
molecular weight, it was considered that the gas mixing process happened not only due to
the concentration gradient, but also to the differences in the density of the components or
natural convection.

Considering the described two effects, a modified Fick’s generalized expression
was obtained:

dC
dt

= D
∂2Ci
∂z2 +

∂(Vi Ci)

∂z
(3)

where Ci is the concentration, D (m2 s−1) is the diffusion coefficient, t represents the time,
and z the height. Vi is the velocity caused by the differences between densities:

Vi = K (ρm − ρi)
[
m s−1

]
(4)

where K (m4 kg−1 s−1) is the convection constant. The density of the heavy component
in the binary mixture (ρm) and the density of the mixture at each point in time (ρi) were
calculated by:

ρm =
P MWm

R T

[
kg m−3

]
(5)

ρi =
P MWi

R T

[
kg m−3

]
(6)

T and P are the temperature and pressure at which the experiments were carried out,
298 K and 1 atm (101,325 Pa), and R is the ideal gas constant. MWm is the molecular weight
of the heavy component of the binary mixture, and MWi indicates the molecular weight
of the mixture at each point in time, which was calculated by the weighted average of the
MWm of each component of the mixture:

MWi =
n

∑
c

ym MWm

[
kg mol−1

]
(7)

The equations were based on the fact that for a binary mixture consisting of compo-
nents A and B, the diffusivity of A in B (DAB), and vice versa (DBA), are the same [51]. Both
molecular diffusion and natural convection were considered to determine the molar flux (J):

J = −D
dCi
dz

+ Vi Ci

[
mol m−2 s−1

]
(8)

Theoretical studies of multicomponent diffusion are based on the Stefan–Maxwell
equation, which, in turn, was derived from the solution of the Boltzmann equation [52]. For
isothermal and isobaric conditions, this equation is a strong approximation that satisfies
the practical requirement. The variation of concentration over time for multicomponent
mixtures is represented in the following equation:(

dC
dt

)
= [D]

(
∂2Ci
∂z2

)
+

(
∂(Vi Ci)

∂z

)
(9)

The element [D] is a size n− 1 squared matrix that represents the diffusion coefficients,
n being the number of components in the mixture. The elements of the square matrix [D]
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are called practical diffusion coefficients [52]. In this study, a gas mixture composed of three
elements was made; therefore, the matrix was composed of 2 × 2 elements. As well as in
binary gas mixtures, the convection effect was also considered in multicomponent mixing:(

dC1
dt

dC2
dt

)
=

[
D11 D12
D21 D22

]( ∂2C1
∂z2

∂2C2
∂z2

)
+

(
∂(V1 C1)

∂z
∂(V2 C2)

∂z

)
(10)

Hence, the concentration differential of each component over time depends on the
practical diffusion coefficients of both components and their concentration differential over
the position in the gas chamber [52]:

dC1

dt
= D11

∂2C1

∂z2 + D12
∂2C2

∂z2 +
∂(V1 C1)

∂z
(11)

dC2

dt
= D21

∂2C1

∂z2 + D22
∂2C2

∂z2 +
∂(V2 C2)

∂z
(12)

Furthermore, the effective diffusivity coefficients (Deff) were calculated using the
practical diffusion coefficients [52]. Bird et al. [53] stated that the molar fraction gradients
could be replaced by molar fraction differences to simplify the calculations:

D1,e f f =
n−1

∑
k=1

D1k
∇yk
∇y1

[
m2 s−1

]
(13)

Furthermore, according to Taylor and Krisna [52], the diffusivity eigenvalues of the
components (D̂1 and D̂2) must be positive:

D̂1 =
1
2

(
tr[D] +

√
disc[D]

)
(14)

D̂2 =
1
2

(
tr[D]−

√
disc[D]

)
(15)

where tr[D] is the trace and disc[D] is the discriminant of the matrix. Because of
Equations (14) and (15), the conditions presented in the following equations must be met:

D11 + D22 > 0 (16)

D11 D22 − D12 D21 > 0 (17)

(D11 − D22)
2 + 4 D12 D21 > 0 (18)

The proposed mathematical model was reproduced in an algorithm created in Scilab.
The purpose of the program is the numerical calculation of the differential Equations (3),
(11) and (12) to obtain the optimized diffusion and convection coefficients by minimizing
an error objective function (OF):

OF =
∑4N

1
(
Cexp − Cmodel

)2

4N
(19)

Such OF was defined as the sum of the squared differences between the experimental
values of the concentration (Cexp) and the ones obtained in the model (Cmodel) divided
by the whole amount of measured concentrations in the lines (N). The relative standard
error (RSE) [54] between the experimental concentration values and the model was also
calculated by referencing them to the final concentration value (Cfinal):

RSE =

√√√√∑4N
1

(
Cexp−Cmodel

C f inal

)2

4N − 1
100 [%] (20)
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The optimization algorithm looked for the values of D and K in the differential equa-
tions so that the theoretical model fitted the experimental values and also calculated the
relative standard error.

Additionally, the binary diffusion coefficients (DE) were also calculated using the
correlation proposed by Fuller, Schettler, and Giddings [52,55]:

DE = DAB = 0.01883 T1.75

√
(MA+MB)

MA MB

P
[

3
√

∑ vA + 3
√

∑ vB
]2 [m2 s−1

]
(21)

The results were compared with the numerically obtained optimized diffusion con-
stants of all binary mixtures. The binary diffusion coefficient between components A and B
(DAB) depends on the temperature (T, K), pressure (P, Pa), molecular weight (M, g mol−1),
and atomic diffusion volumes (v). The values of v for the atoms C, H, O, and F are 15.9,
2.31, 6.11, and 14.7, respectively [56].

The values of DE of the ternary mixture were calculated by dividing the mixture
into two pseudo-binary mixtures between one heavy component against the other two
components as a whole. The estimated value for each heavy component was compared
with the numerically calculated Deff values.

3. Results and Discussion
3.1. Mixing Process Tracking
3.1.1. Determination of the Concentration

The calibration curve of each component and measurement line is shown in Figure 3.
The curves present a linear tendency. The linear regression equations, correlation coef-
ficients (r2), and the molar absorptivity of PFK5 and HFO3E were calculated, and they
are collected in Table 4. The results show that the sensitivity of the measuring system for
HFO3E is considerably lower than the one of PFK5, due to the great difference in the molar
absorptivity of both gases.

The maximum absorption of the component HFO3E is located at 196 nm in the UV-Vis
spectrum, where it is common to find noise when measuring the absorbance since this
wavelength shows very poor selectivity. Because of this, the concentration, velocity and
molar flux profiles of HFO3E have more deviations and are less accurate.
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Figure 3. Experimental concentration values (Cexp, dots) and calibration curves (dashed lines) of the
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B (Bottom, 3) correspond to the different heights of the measurement lines.



Appl. Sci. 2022, 12, 1436 10 of 20

Table 4. Linear regression equations, correlation coefficients (r2), and molar absorptivities (εM), of
PFK5 and HFO3E.

Line Linear Regression r2 εM (m3 mol−1 cm−1)

PFK5

T y = 0.0811x 0.997 9.9
MT y = 0.0852x 0.999 10.4
MB y = 0.0827x 0.999 10.1
B y = 0.0826x 0.994 10.1

HFO3E

T y = 0.0081x 0.991 0.99
MT y = 0.0081x 0.989 0.99
MB y = 0.0079x 0.988 0.97
B y = 0.0081x 0.989 0.98

3.1.2. Diffusional Model

The concentration profiles of the model and the diffusional coefficients were obtained
thanks to the optimization process in Scilab. The concentration profiles of the binary
mixtures are plotted in Figure 4. The 95% confidence interval of the experimental values
is indicated. The B-40H mixture showed broader confidence intervals than the binary
mixtures of PFK5. The concentration of all binary mixtures reached stabilization after 10 h.
The molar concentrations at the end of the experiments were 4.1 and 8.2 mol m−3 for the
PFK5 mixtures and 17.1 mol m−3 for the HFO3E mixture.
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Figure 4. Experimental (Cexp, dots) and estimated (Cmodel, solid lines) concentration profiles of
the binary mixtures over time. T (Top, #), MT (Medium Top, 4), MB (Medium Bottom, �), and
B (Bottom, 3) correspond to the different heights of the measurement lines.
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The model fitted the experimental data of B-10P and B-20P mixtures correctly. The
concentration profiles from the mixture B-40H show that the model deviated in lines T and
B at the beginning of the experiment. The molar absorptivity of HFO3E is ten times lower
than that of PFK5 in the UV spectrum. T is the line that shows the lowest concentration
and B is the line that shows the highest molar flux, as will be discussed later.

The concentration profiles obtained for the T-10P/40H mixture are shown in Figure 5.
In general, the ternary mixture showed greater confidence intervals than the binary mix-
tures. Line MB exhibited less variation in both components than the others. Even though
the whole mixture stabilized after 12 h, the concentration of HFO3E was stable after 10 h.
The compound PFK5 is the one that determines the duration of the mixing process, as it is
the one with the lower effective diffusion coefficient. The molar concentrations at the end
of the experiments were 4.4 mol m−3 for PFK5 and 16.6 mol m−3 for HFO3E. The model
fitted the experimental data correctly, although the concentration profile of HFO3E also
deviated from the confidence interval in lines T and B, like in mixture B-40H.
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Figure 5. Experimental (Cexp, dots) and estimated (Cmodel, solid lines) concentration profiles of the
components of the ternary mixture over time. T (Top, #), MT (Medium Top, 4), MB (Medium
Bottom, �), and B (Bottom, 3) correspond to the different heights of the measurement lines.

The optimized diffusion and convective coefficients, the theoretically estimated co-
efficients, and relative standard error for the binary mixtures are shown in Table 5. As
diffusion does not depend on concentration, the D of mixtures B-10P and B-20P should be
equal, and they are similar. Additionally, the K values are very low. It can be assumed that
the convection mechanism had little effect on the mixing process. The RSE for all binary
mixtures is lower than 6%, and the mixture whose model best fitted the experimental data
was B-20P, which also has the lowest diffusion coefficient. The optimized coefficients of
the PFK5 mixtures are more similar to the estimated one than the HFO3E mixture, and the
error increases with the concentration.
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Table 5. Diffusion (DE and D) and convective (K) coefficients and relative standard error (RSE) of the
binary mixtures after the optimization process using Scilab.

Mixture DE * (m2 s−1)·106 D (m2 s−1)·106 K (m4 kg−1 s−1)·1014 RSE (%)

B-10P 5.4 5.2 3.1 3.8
B-20P 5.4 4.8 2.7 2.6
B-40H 7.9 5.3 2.7 5.3

* Theoretically estimated using Equation (21).

For the ternary mixture, the values of the practical diffusion coefficients were
the following:

[D] =

(
D11 D12
D21 D22

)
=

(
0.0195 −0.0017
0.0535 0.0001

)
(22)

The conditions that Taylor and Krisna described [52], which are shown in Equations (16)–(18),
were met.

The diffusion and convection coefficients and RSE values are shown in Table 6. Both
values of K are also very low in the ternary mixture. The Deff for PFK5 and HFO3E are
calculated from Equation (13). They are lower than the D obtained for the binary mixtures,
which states that the ternary mixture diffuses slower than the binary mixtures. The Deff
for HFO3E is higher than the Deff for PFK5. That of HFO3E is closer to its estimated value
than the one of PFK5. HFO3E diffuses slower and PFK5 diffuses faster than what was
theoretically estimated. Overall, the model fitted better the experimental data of PFK5 than
the data of HFO3E. The results are consistent with what is shown in Figure 5.

Table 6. Diffusion (Deff,E and Deff) and convective (K) coefficients and relative standard error (RSE) of
the components of the ternary mixture after the optimization process in Scilab.

Component Deff,E * (m2 s−1)·106 Deff (m2 s−1)·106 K (m4 kg−1 s−1)·1011 RSE (%)

PFK5 2.9 3.6 0.6 2.2
HFO3E 4.4 3.9 2.2 4.4

* Theoretically estimated using Equation (21).

The convection velocity of the binary mixtures is shown in Figure 6. The velocity is
negative, as K is positive and the mixture with air has lower density than PFK5 or HFO3E.
The convection phenomenon pushes down the heavy components of the mixtures. The
most negative velocity values are found in line T, which is the highest line in the gas
chamber and therefore the most affected by the high density of the components. The
velocities are less negative as the height in which the measurement line is located decreases.
Nonetheless, the convection velocity is so small that it is almost negligible.

The convection velocity of T-10P/40H is shown in Figure 7. As the component PFK5
is the heaviest, its convection velocity is always negative, because any mixture between
HFO3E and air will always have lower density than PFK5. The convection velocity of
component HFO3E is positive in line B at the beginning of the experiment, which happens
because the higher concentration of PFK5 pushes up HFO3E and the carrier gas.

The molar flux of the binary mixtures is shown in Figure 8. All binary mixtures have
a similar tendency. The molar flow is higher in line B, the one that presents the highest
concentration values. The molar flow is almost zero in line T. The molar flow of lines MT
and MB slightly increase at the beginning of the experiments.

The molar flux of the ternary mixture can be observed in Figure 9. Both molar flux
profiles share the same tendency, are very similar, and reach zero approximately at the
same time. The lines that present higher molar flux are MT and MB, as they show the
highest concentration gradients between all components. The molar flux of line B is the
one that increased at the beginning of the mixing process, and line T is also almost zero.
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Figure 6. Variation of the estimated convection velocity (V) of the binary mixtures over time. T (Top),
MT (Medium Top), MB (Medium Bottom), and B (Bottom) correspond to the different heights of the
measurement lines.
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Figure 7. Variation of the estimated convection velocity (V) of the components of the ternary mixture
over time. T (Top), MT (Medium Top), MB (Medium Bottom), and B (Bottom) correspond to the
different heights of the measurement lines.
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Figure 8. Variation of the estimated molar flux (J) of the binary mixtures over time. T (Top), MT
(Medium Top), MB (Medium Bottom), and B (Bottom) correspond to the different heights of the
measurement lines.
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Figure 9. Variation of the estimated molar flux (J) of the components of the ternary mixture over
time. T (Top), MT (Medium Top), MB (Medium Bottom), and B (Bottom) correspond to the different
heights of the measurement lines.
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The molar flux profiles, together with the obtained concentration and velocity profiles,
represent that all the mixtures reached homogeneity and stability at the end of the experi-
ments.

3.1.3. Model Validation

The validation of the model was carried out to determine its accuracy not only for the
gas mixtures used to build it, but also for mixtures made with other concentration values
too [53]. Five gas mixtures were proposed, different from the ones used to prepare the
model. The composition of the gas mixtures is shown in Table 7.

Table 7. Nomenclature and concentration (C) of the components of the gas mixtures used for validation.

Name CPFK5 (%) CHFO3E (%) CDRY AIR (%)

B-5P 5 0 95
B-15P 15 0 85
B-15H 0 15 85
B-30H 0 30 70

T-20P/40H 20 40 50

The concentration profiles of these mixtures were simulated. The D and K coefficients
that were used for the binary mixtures are the ones shown in Table 5, and the Deff and K
coefficients that were used for the ternary mixture are obtained from Table 6. The residuals
of each mixture, throughout the whole experiment, were calculated:

Residual = Cexp − Cmodel

[
mol m−3

]
(23)

The mean residual value of all four measurement lines at a specific time (Rt) and the
mean residual value of a specific measurement line (RL) until the end of the experiment (tf)
were also calculated:

Rt =
∑4

L=1
(
Cexp − Cmodel

)
L

4

[
mol m−3

]
(24)

RL =
∑

t f
t=0
(
Cexp − Cmodel

)
t

N

[
mol m−3

]
(25)

The end of the experiment was considered when the concentration of the four lines
reached stabilization. All the mean residual values were represented against Cexp, including
the mixtures that were used for building the model [53]. Rt is represented against Cexp in
Figure 10. The residuals of PFK5 do not show a distinct tendency; they are distributed
almost evenly in the positive and negative sides of the y-axis and are near zero. This shows
that the error of PFK5 is not carried over with the model. There is no significant difference
between the Rt of PFK5 of binary and ternary mixtures.

The results for HFO3E show higher residual values and they are not evenly distributed.
Most of them are negative values, which shows that the model is more likely to present
higher values than the experimental ones. The residuals also decrease with time, so the
model showed better results near stabilization. The low absorptivity of this component,
together with the higher molar flow at the beginning of the experiments, makes it more
difficult to predict the values of concentration. Besides, the concentration of HFO3E of the
binary mixtures is easier to calculate as the residuals are lower.

RL is represented against Cexp in Figure 11. Lines T and MB show lower residual
values for both components. PFK5 clearly shows lower residual values in both binary and
ternary mixtures. The values of HFO3E of the ternary mixtures are higher than the ones
of the binary mixtures. The model will predict lower values than the experimental ones
in line MT and higher ones in line B. Line B shows the highest absolute residual values,
especially for HFO3E. The higher molar concentration and molar flux that was found in
this line complicated the ability of the model to predict the concentration values.
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HFO3E, respectively.
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The minimum and maximum absolute residual values for all mixtures are shown
in Table 8. As all gas mixtures reach stability after 10 h, only results before that were
considered. The maximum residual values of PFK5 were found in line B at the beginning
of the experiments. The minimum ones were distributed into all lines.

Table 8. Minimum and maximum absolute residual values of the mixtures.

Mixture
Minimum Absolute Residuals Maximum Absolute Residuals

Value·103 (mol m−3) t (h) Line Value (mol m−3) t (h) Line

PFK5

B-10P 9 0.5 MT 0.34 0.5 B
B-20P 0.83 1.5 T 0.73 1 B

T-10P/40H 2 8 T 0.34 0.5 B
B-5P 0.33 5.5 B 0.28 2.5 T

B-15P 3 2.5 MB 1.88 0.5 B
T-20P/40H 3.4 8.5 MB 4.09 0.5 B

HFO3E

B-40H 2.4 8 MB 2.73 1 T
T-10P/40H 20 10 T 2.25 3.5 T

B-15H 40 7.5 T 3.57 2.5 B
B-30H 300 10 MB 3.51 3 B

T-20P/40H 450 10 T 7.39 3.5 B

HFO3E showed its maximum residuals distributed between lines T and B at the
beginning of the experiments. The minimum residual values of HFO3E increase when
the concentration increases. The T-20P/40H mixture was the one that showed the highest
maximum absolute residuals, which were presented in line B.

4. Conclusions

A novel piece of experimental equipment has been designed, and an automatized
measurement system, which has been programmed in LabVIEW, has been implemented
for the online monitoring of the mixing process of the gas mixtures.

Consequently, it has been possible to determine the duration of the mixing process of
new insulating gas mixtures made of PFK5 and HFO3E, candidates to replace SF6 in MVS.
Starting from an initial stratification state caused by the feeding of the gases depending
on their molecular weight, stability in the mixtures has been reached between 10 and 12 h,
depending on the composition of the mixture. Besides, binary mixtures have reached
stability before the ternary mixture. In addition, it has been seen that the molar absorptivity
of HFO3E is lower than of PFK5, and that it absorbs at 196 nm in the UV-Vis spectrum,
which has hindered measurements.

A mathematical model that describes the mixing process has been proposed, which
takes both natural convection and molecular diffusion into consideration. The model has
made it possible to obtain the diffusion and convection coefficients of the mixtures with a
relative standard error lower than 6%. In comparison with the calculation of the diffusion
coefficient of HFO3E that Hu et al. [57] performed, the estimation shares the same order
of magnitude, although it is slightly higher in this work. The convection coefficients of
all the mixtures have been significantly low, which could prove that the effect of natural
convection is negligible in comparison with molecular diffusion of the order of 105 (in the
ternary mixture) to 108 (in the binary mixtures) times smaller.

The residuals of PFK5, which have shown no significant tendency, neither in sign
(positive or negative) nor in value, are lower than 1.9 mol m−3 for the binary mixtures and
4.1 for the ternary mixtures. Those of HFO3E have been higher at the beginning of the
experiment, between 2.3 and 7.4 mol m−3, and have decreased with time, reaching values
as low as 2.4 × 10−3 mol m−3. The model has predicted the concentration values of line
MB, for example, better than that of the bottom line, probably due to high variability in
the concentration.
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It has been possible to predict the concentration profiles of a mixing process of gas
mixtures made of PFK5 to be better than the ones made of HFO3E, using air as the carrier
gas. The low absorptivity of HFO3E in the UV spectrum has led to higher residual values in
the lines that have the highest and lowest concentration of both binary and ternary mixtures.
This indicates that UV-Vis could not be the best technique to monitor the concentration
changes of this component.

Through this work, the physical characterization of the diffusion process and mixing
stability of binary and ternary gas mixtures made of PFK5 and HFO3E was started. All this
information is postulated as a methodological and diffusional modeling basis for future
studies that take into account other disturbances, such as temperature, humidity, and
electrical discharge, among others. Nevertheless, attention also needs to be paid to the
chemical stability of the mixtures using analytical methods in future studies.
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